The LBD (Lateral Organ Boundaries Domain) 
INTRODUCTION
Plants have evolved inducible defense mechanisms to protect against microbial pathogens, and these include cell wall modifications, the production of antimicrobial metabolites and proteins, and in some instances, hypersensitivity via programmed cell death processes. Several of these host defense responses are transcriptionally regulated via the action of a suite of defense hormones in plants, including salicylic acid (SA), jasmonate (JA) and ethylene (Schenk et al., 2000; Pieterse et al., 2009) . In turn, microbial pathogens have evolved mechanisms, such as secreted effector molecules, that avert the activation of these host defense responses (Jones and Dangl, 2006; Boller and He, 2009) . Pathogens also reprogram host physiological functions to enhance susceptibility. For example, bacterial and fungal pathogens that enter leaves via stomatal apertures secrete molecules that block stomatal closure (Hok et al., 2010) . A further extension of host-reprogramming by pathogens is where host processes regulated by growth hormones such as auxins, gibberellins and cytokinins, are modified by pathogens either by the production of functional hormone analogues by the pathogen itself or via modification of endogenous hormone levels (Robert-Seilaniantz et al., 2007; Grant and Jones, 2009 ).
Alternatively, pathogens can intercept hormone signaling processes to provide conditions more conducive for infection (Bari and Jones, 2009; Kazan and Manners, 2009 ). Therefore, to understand the contribution of the host to the final disease outcome, it is necessary to consider pathogen-targeted host processes that may enhance susceptibility in addition to the more commonly studied processes of pathogen perception and the activation of the host defense system.
Fusarium oxysporum is a root-infecting fungal pathogen that causes wilt disease on a broad range of economically important plant species and also the model plant Arabidopsis thaliana (Dombrecht et al., 2006; van Hemelrijck et al., 2006 Berrocal-Lobo and Molina, 2007; Michielse and Rep, 2009 ). This pathogen is soilborne and enters the plant initially through the roots, and subsequently colonizes the vascular tissues and xylem vessels before moving up to stem and foliar tissues (Lagopodi et al., 2002; Czymmek et al., 2007) . Fusarium oxysporum is considered to more typical of the symptoms incited by necrotrophic pathogens. The genomes of pathogen strains of F. oxysporum infecting tomato and Arabidopsis have been sequenced (Ma et al., 2010; Thatcher et al., 2012) . Infection by F. oxysporum involves secreted pathogen effector proteins, some of which are encoded on supernumerary pathogenicity-chromosomes (Ma et al., 2010) . These effectors act as either virulence or avirulence factors, depending on the host genotype (Rep and Kistler, 2010; Takken and Rep, 2010; Thatcher et al., 2012) .
The ability to study F. oxysporum interactions on the model host Arabidopsis has opened up diverse genetic-and genomic-based approaches to identify and characterize host factors involved in Fusarium wilt disease development. For example, there is variation in the response to F. oxysporum across Arabidopsis ecotypes and the partial resistance of the commonly studied Col-0 ecotype is inherited as a quantitative trait (Diener and Ausubel, 2005) . One quantitative trait locus contains the atypical resistance gene RFO1 that encodes WAKL22 (WALL-ASSOCIATED KINASE-LIKE KINASE 22) but how this gene contributes to resistance is currently unknown (Diener and Ausubel, 2005) . One possibility discussed by Diener and Ausubel (2005) is that resistance may be at least partially mediated via SA-regulated defenses. Exogenously applied SA provides increased resistance to this pathogen (Edgar et al., 2006) and transgenic and mutant genotypes that are impaired in SA accumulation have enhanced susceptibility (Diener and Ausubel, 2005; Thatcher et al., 2009 ).
Recent studies indicate that successful F. oxysporum infection requires the action of diverse host hormonal signaling pathways, their associated transcriptional regulators and downstream regulated response genes. In contrast to SA, some hormone signaling pathways appear to promote disease susceptibility to F. oxysporum in Arabidopsis. Several components of Arabidopsis auxin signaling pathways and polar auxin transport processes, but not auxin biosynthesis itself, have been shown to be required for full virulence of F. oxysporum on Arabidopsis (Kidd et al., 2011) , suggesting a link between infection and development (Kazan and Manners, 2009 ).
Application of abscisic acid (ABA), a plant hormone usually associated with abiotic stress responses such as water deficit, stimulated increased Fusarium wilt disease development in Arabidopsis while mutations in ABA biosynthesis genes promoted resistance (Anderson et al., 2004) . This suggested that ABA signaling may act to prioritize abiotic stress tolerance processes over defense to pathogens like F. oxysporum (Anderson et al., 2004) .
The role of the JA signaling pathway in Arabidopsis -F. oxysporum interactions is of particular interest as it appears to have two opposing effects that either repress or stimulate disease development. The eventual disease outcome reflects the relative balance of these two JA-regulated processes (Thatcher et al., 2009 ). Firstly, it appears that JA-regulated defenses contribute positively to resistance. For example, the JA-regulated Thi2.1 gene, which encodes an antimicrobial thionin protein, inhibits infection by F. oxysporum when over-expressed in transgenic plants (Epple et al., 1997; Chan et al., 2005) . Over-expression of transcriptional activators (e.g. ERF1) of JA-responsive defense genes also reduces F. oxysporum infection (Berrocal-Lobo et al., 2002; McGrath et al., 2005) . On the other hand, negative transcriptional regulators of JA-responsive defense genes (e.g. ERF4 and MYC2) confer increased F. oxysporum susceptibility (Anderson et al., 2004; McGrath et al., 2005) . Jasmonates act in plants by their conjugated form being recognized by the COI1 protein (Katsir et al., 2008) , and surprisingly the Arabidopsis coi1 mutant shows strong resistance to F. oxysporum despite greatly reduced JAdependent defenses (Thatcher et al., 2009 ). Interestingly coi1 is also non-responsive to chlorosis-inducing factors present in culture filtrates of F. oxysporum (Thatcher et al., 2009) . The strong resistance to F. oxysporum observed in coi1 mutants has been proposed to be due to a reduction of JA-induced senescence, which is exploited by the pathogen to cause disease symptoms such as chlorosis and necrosis at late stages of infection (Thatcher et al., 2009) . Similarly analysis of the cpr5/hys1 (constitutive expression of pr genes5/hypersenescence1) mutant with constitutively active defenses and enhanced senescence response, shows increased F. oxysporum susceptibility (Schenk et al., 2005) . More recently, the MED25 subunit of the plant mediator complex, which positively regulates the JA-responsive defense genes, has also been shown to act as a F. oxysporum susceptibility gene and mutants show reduced expression of JA-responsive genes but increased F. oxysporum resistance (Kidd et al., 2009 ).
Despite the importance of root pathogens in plant agriculture and natural ecosystems, much less is known about defense signaling by roots when compared to that of aerial plant organs (Okubara and Paulitz, 2005; Erb et al., 2009 ). Because F. oxysporum infects via the roots it would be expected that key signaling events determining resistance and susceptibility are initiated by both host and pathogen in root tissues early on during infection. The JA signaling pathway and downstream responses, but not those of the SA pathway, appear to be activated in both the roots and leaves of Arabidopsis during infection by F. oxysporum (Edgar et al., 2006; Thatcher et al., 2009; Kidd et al., 2011) . Activation of JA-regulated genes in leaves was also observed within 24 hours after inoculation (Kidd et al., 2011) , prior to the invasion of foliar tissues by the fungus, suggesting that systemic signals of host and/or pathogen origin are most likely transmitted from root to shoot during F. oxysporum infection. The critical importance of JA signaling in infected roots was elegantly demonstrated using the coi1 mutant in grafting experiments (Thatcher et al., 2009 ). It was found that plants consisting of a coi1 rootstock with wild-type scion had strong resistance to F. oxysporum similar to that of plants with coi1 rootstock and coi1 scion.
In contrast, plants with a wild-type rootstock and a coi1 scion remained susceptible, indicating that JA-perception and signaling processes in the roots are critical in determining the eventual disease outcome in Fusarium wilt disease. However, our understanding of the genes involved in JA-signaling that determines resistance and susceptibility to F. oxysporum is very limited.
The aim of this study was to identify novel root-expressed genes of Arabidopsis that are required for susceptibility to F. oxysporum, and then to characterize these genes to determine whether they have roles in JA-signaling and plant defense regulation or other mechanisms. The approach that we adopted was to initially undertake large-scale unbiased screening of a collection of defined sequenceindexed T-DNA insertion mutants of Arabidopsis (O'Malley and Ecker, 2010) and identify mutants that had a reproducible increase in resistance to infection by F. oxysporum when compared to that of wild-type. This was followed by verification of the observed resistant phenotype for the candidate gene by testing a second independent mutant carrying a distinct T-DNA insertion allele in the candidate gene.
Because we were particularly interested in genes that function in roots, we then undertook expression analysis of the candidate genes in wild-type plants to test for root expression. In the current paper, we report on the LBD20 gene that was identified through this process. LBD20 is a member of the plant-specific LBD (Lateral Organ Boundaries Domain) gene family and we present evidence herein that LBD20 has a novel role as a predominantly root expressed negative regulator of both resistance to F. oxysporum and a subset of JA responses. The LBD family has previously mainly been studied in regard to plant development with roles in defining the boundaries between organs (Shuai et al., 2002; Majer and Hochholdinger, 2011; Feng et al., 2012 ). Other LBDs have been shown to have functions in the regulation of nitrogen metabolism and anthocyanin biosynthesis (Rubin et al., 2009 ). Functions of LBD20 were previously unknown, and our results demonstrate LBD20 is the first member of the LBD family shown to have a role in JA signaling and plant-pathogen interactions.
RESULTS

Large-scale screening of Arabidopsis mutants identifies LBD20 as a
F. oxysporum susceptibility gene
To identify novel genes that affect resistance and susceptibility to F. oxysporum, we systematically screened an Arabidopsis sequence-indexed T-DNA insertion mutant collection (CS27941) consisting of 6868 T-DNA insertion lines for an altered disease phenotype when compared to that of the wild-type Col-0. Disease phenotypes were determined at 7 and 14 days post-inoculation by recording the percentage of diseased plants, survival ratio and a disease score (rated on a 0-5 scale with "0" being highly resistant and "5" being highly susceptible; see Supplemental Fig. S1 ). Mutants that showed statistically significant (P<0.01) disease development compared to Col-0 were selected and rescreened for confirmation of a significantly altered disease phenotype. One of the mutants recovered from this process that showed increased resistance was SALK_020410C (designated here as lbd20-1) and has a T-DNA insertion in the intron of the LBD20 gene. A second homozygous independent mutant line of LBD20 designated as lbd20-2 was obtained (SALK_054710C) with a T-DNA insertion in exon 1 (Fig. 1A) . Both lbd20 mutants were confirmed by quantitative-RT-PCR (Q-RT-PCR) to be similarly compromised for LBD20 transcript levels when compared to that of wild-type and are thus expected to be non-functional (Supplemental Fig. S2A ). Both lbd20 mutants showed significantly increased resistance to F. oxysporum when compared to wild-type both in disease symptoms and plant survival (Fig. 1, B-D) . This further indicated a role for LBD20 in susceptibility to Fusarium wilt disease and represents the first case of a LBD gene being implicated in resistance or susceptibility to any plant pathogen. As stated above, we were particularly interested in genes expressed within root tissues where F. oxysporum penetration and the early stages of infection take place, and several LBD genes have previously been shown to be expressed in roots (Shuai et al., 2002; Feng et al., 2012) . To test this in further detail for the LBD20 gene, we monitored its expression in wild-type shoot and root tissues before and after Fusarium inoculation (Fig. 2) . LBD20 expression in shoots could not be reliably detected using Q-RT-PCR, suggesting it is either very lowly expressed in shoot tissues or expressed within very specific shoot cell types. We did, however, readily measure LBD20 expression in roots just prior to inoculation (time-point 0) and after inoculation (Fig.   2 ). LBD20 expression in 3 hour mock-treated samples also increased by two-fold over time-point 0 samples, suggesting LBD20 expression is responsive to the inoculation method which involved the potential wounding of roots as they are removed from soil, dipped in water (mock treatment) and re-potted. LBD20 expression in Fusarium inoculated samples was significantly higher than those of mock treatments at both 3 and 24 hours (Fig. 2) . Combined, these results indicate LBD20 is predominantly rootexpressed and responsive to Fusarium infection.
LBD20 expression is COI1-and JA-regulated
We previously determined that the JA receptor COI1 plays a vital role in susceptibility to F. oxysporum, in particular in root tissues where wild-type scions grafted onto rootstocks in which the COI1 gene has been silenced show complete resistance to Fusarium disease symptom development (Thatcher et al., 2009 ). To determine if LBD20 functions within the framework of the COI1-dependent JA signaling pathway, we monitored LBD20 expression in wild-type and coi1 roots following F. oxysporum inoculation and found the induced expression of LBD20 to be completely abolished in coi1 (Fig. 3A) . This prompted us to examine the potential JA inducibility of LBD20. Expression of LBD20 was induced in root tissues following the transfer of seedlings to MeJA-containing growth medium (3.8-fold over mock) and this induction was also COI1-dependent (Fig. 3B ). These results demonstrate that binding to the G-box cis-element (5'-CACGTG-3'). The LBD20 promoter contains two potential MYC2 binding G-box motifs (-794 to -789, and -338 to -333 , relative to the predicted transcription start site). To test whether MYC2 regulates LBD20, we examined LBD20 expression within the myc2 mutant background and found MeJAinduced expression of LBD20 in roots was abolished in myc2 (Fig. 4A) . We also examined LBD20 in MYC2 over-expressing (MYC2-OX) plants (35S::MYC2) without providing any MeJA stimulus (Fig. 4 , B and C). LBD20 expression, however, did not differ between wild-type and MYC2-OX plants. These findings suggest LBD20 is part of the JA and MYC2 transcriptional regulon but that up-regulation of MYC2 expression alone is insufficient to stimulate expression of LBD20. Further investigations are required to determine whether these potential MYC2 binding motifs found in the LBD20 promoter are functional and/or positive regulation of LBD20 by MYC2 may require JA or pathogen treatment. We also examined MYC2 expression in the lbd20 mutant background and found no difference in Fusarium or MeJA induction patterns compared to wild-type plants in either shoot or root tissues (data not shown).
LBD20 is a repressor of a subset of JA-regulated defense genes in shoot tissues
The up-regulation of LBD20 in Fusarium-and MeJA-treated wild-type plants and its COI1 and MYC2 dependency prompted us to examine the expression of four well-established marker genes (Thi2.1, VSP2, PDF1.2, and PR4) for downstream JAregulated defense responses in the lbd20 mutant. Initially, we examined root tissue following treatment with MeJA. Although transcripts for only Thi2.1, VSP2 and PDF1.2 were induced in root tissue, there was no apparent difference in the induction between the lbd20 mutant and wild-type ( Fig. 5A and Supplemental Fig. S3A ).
However, examination of shoot tissue indicated that all four genes were MeJAinduced and that a subset of these JA-response genes were differentially regulated in the lbd20 mutant. For example, expression of the Thi2.1 and VSP2 genes were more strongly induced (P< 0.05) in the lbd20 mutant than similarly treated wild-type ( Fig.   5B ). In a separate confirmatory experiment, the repressive function on defense gene expression was also confirmed for both lbd20 alleles (e.g. Supplemental suggest that LBD20 plays a role in JA-signaling and acts as a repressor of a subgroup of JA-and pathogen induced defense genes in shoots. Given the predominant root expression of the LBD20 gene (Fig. 2) , it is possible that LBD20 may either function in a specialized JA-related root-to-shoot signaling process or that very low expression levels in shoots may be sufficient for this regulatory role.
Fusarium-culture filtrate induced chlorosis is reduced in lbd20
We have previously observed that factors present in F. oxysporum culture filtrates induce a senescence-like chlorotic phenotype in wild-type leaves and this response is absent in the coi1 mutant, which is also highly resistant to Fusarium disease symptom development (Thatcher et al., 2009) 
. To determine if the increased
Fusarium resistance in lbd20 also affects this phenotype, we applied F. oxysporum culture filtrate to wild-type and lbd20 detached leaves, alongside coi1 and myc2 (Fig. 6 ). We included myc2, as this mutant also exhibits increased resistance to F. oxysporum (Anderson et al., 2004) and regulates LBD20 (Fig. 4) , but its response to Fusarium culture filtrate was unknown. All three of the mutants tested had reduced lesion development compared to wild-type leaves. Interestingly, the coi1 mutant was the most insensitive to this treatment with myc2 and lbd20 mutants showing intermediate sensitivity compared to wild-type. Although the secreted F. oxysporum elicitors that may induce the chlorotic phenotype are currently unknown, the nonresponsiveness and reduced responsiveness of coi1 and myc2 leaves, respectively, to F. oxysporum culture filtrate, suggest that possible fungal elicitors act through the JAsignaling pathway. Combined, these results imply LBD20 may also contribute to a JA-signaling dependent host sensitivity to fungal elicitors of host senescence and chlorosis.
Increased LBD20 expression correlates with reduced Thi2.1 and VSP2 expression and susceptibility to F. oxysporum
To further characterize the role of LBD20 in defense and JA-signaling, we generated LBD20 over-expressing plants (LBD20-OX). We noted that the LBD20-OX Shuai et al., 2002; Nakazawa et al., 2003; Naito et al., 2007) . LBD20-OX transformants with milder phenotypes set viable seed and were used in subsequent experiments. From these T2 plants, two lines in either the wild-type Col-0 background or the lbd20 background, and carrying only one LBD20-OX insertion, were analyzed for LBD20 expression (Fig. 7A) .
To test the hypothesis that LBD20 is a repressor of a subset of JA-regulated defense genes, we analyzed the expression of Thi2.1, VSP2 and PDF1.2 in wild-type and LBD20-OX plants after mock or MeJA treatment. Following MeJA treatment, three of the four LBD20-OX lines exhibited significantly (P<0.01) lower expression of both Thi2.1 and VSP2 than wild-type plants, while LBD20-OX-2 only had significantly reduced Thi2.1 expression (P<0.05) (Fig. 7 , B and C). Of the four LBD20-OX lines tested, LBD20-OX-2 also had the lowest LBD20 levels (Fig. 7A ) and exhibited no altered leaf morphology (Supplemental Fig. S5B ). This suggests a threshold level of LBD20 expression may be required to observe its effects on plant development. Indeed, we found a strong negative correlation between LBD20 levels and MeJA inducibility of Thi2.1 and VSP2 (Fig. 7D) . Consistent with the hypothesis that LBD20 only represses a subset of JA-regulated defense genes, we found no correlation between PDF1.2 and LBD20 expression in the LBD20-OX lines (Fig. 7D) .
We also inoculated wild-type plants and LBD20-OX lines with F. oxysporum and monitored disease symptom development. There were also strong correlations between both the levels of basal (R 2 = -0.77) and JA-induced (R 2 = -0.80) LBD20 expression across the LBD20-OX lines and reduced plant survival following inoculation with F. oxysporum (Fig. 8) . The diminishing survival of inoculated plants with increasing LBD20 expression strongly supports the conclusion that LBD20 acts as a F. oxysporum susceptibility gene in Arabidopsis.
DISCUSSION
We initially identified LBD20 as a host-susceptibility gene from a screen of nearly seven thousand independent homozygous sequence indexed T-DNA insertion lines for increased resistance to the root-infecting pathogen F. oxysporum. Amongst the mutants identified, lbd20 was selected for further analysis because its increased resistance was confirmed in a second independent homozygous T-DNA insertion line, and because LBD20 was predominantly expressed in roots, the site of primary (Fig. 5) . This defense gene subset included that encoding the anti-fungal protein Thi2.1 known to reduce disease severity to F. oxysporum (Epple et al., 1997; Epple et al., 1998) The chlorosis and senescence-like response elicited by application of F. oxysporum culture filtrate was also reduced in lbd20 (Fig. 6) , although not to the degree seen in coi1 which is insensitive to these Fusarium elicitors. These results suggest that the increased resistance observed in the lbd20 mutants may be due to a combination of the enhanced production of some JA-regulated antifungal defense proteins such as thionins, as well as a partial reduction in JA-induced chlorosis and senescence processes which are required for symptom development.
The increased expression of some JA-regulated defense genes in the lbd20 In agreement with published data (Shuai et al., 2002), we found LBD20 expression was virtually absent from leaves, but readily detected in roots (Fig. 2) and floral tissues (data not shown). The highly root-abundant expression of LBD20 compared to that of shoots, taken in combination with the differential expression of JA-regulated defense genes in shoots of the lbd20 mutants, suggests that either, LBD20 has a role in a root-to-shoot signaling process that affects specific JAresponsive genes, or that very low levels of transcription of LBD20 in shoots or in are not yet known, though the extended LBD motif is present in a diverse set of over forty genes (L. Thatcher, unpublished). We found putative LBD motifs in the -1000bp Thi2.1 (CTACGGCACTT) and VSP2 promoters (GCACGGCTATG; GTGCGGCGAAT), but not in the PDF1.2 promoter, suggesting LBD20 may directly bind to the Thi2.1 and VSP2 promoters. Further experimental work will be required to confirm this. We also found no significant difference in Thi2.1 or VSP2 expression between root tissue of wild-type and lbd20 plants suggesting LBD20 either does not bind to these promoters or that other root and shoot specific transcription factors are required to mediated their tissue-specific expression.
While knockout-mutations of most LBD genes show no obvious phenotypes, their over-expression in many cases results in leaf phenotypes like lobed and curled leaves, along with dwarfing and degrees of infertility (Shuai et al., 2002; Nakazawa et al., 2003; Naito et al., 2007; Mangeon et al., 2011) . Similarly, we observed no obvious morphological changes in leaf or root morphology in either lbd20 mutant, however both lines exhibited increased resistance to Fusarium accompanied with increased expression of a sub-set of JA-regulated defense genes. In affirmation, LBD20-OX plants had reduced JA-mediated defense gene expression (Fig. 7) , but also suffered from varying degrees of altered leaf morphology, sterility and development (Supplemental. Fig. 5 ). Over-expression lines with minimal, or no abnormalities were selected for inoculation experiments, and it was shown that a correlation existed between LBD20 expression, reduced Thi2.1 and VSP2 expression, and increasing plant susceptibility, measured as plant survival following inoculation (Figs. 7,8) .
Thus, results from the T-DNA insertion mutants and the over-expression transgenic plants support the notion that LBD20 contributes to susceptibility to F. oxysporum. ., 2001; Katsir et al., 2008; Thatcher et al., 2009) . These studies detail a common theme where pathogens selectively target host susceptibility genes to cause disease.
CONCLUSION
In summary, we identified LBD20 as a novel highly-root expressed negative regulator of a subset of JA responses and as a susceptibility gene for Fusarium wilt disease. It will now be interesting to determine the role of other LBD family members in plant-pathogen interactions, to determine the active targets of LBD proteins and to determine cell-and tissue-specific LBD20 expression and function to explore the potential of LBD20 to regulate root to shoot signaling processes.
MATERIALS AND METHODS
Plant material and growth conditions
Unless otherwise specified, all experiments were conducted with the wild-type Table S1 . 
SUPPLEMENTAL FIGURES AND TABLE LEGENDS
Supplemental Figure S1 . Fusarium disease score ratings system. Supplemental Figure S2 . Analysis of lbd20 T-DNA mutants.
(A) LBD20 expression was examined in shoot and root tissue of wild-type (WT) and lbd20 plants. Both lbd20 alleles had either non-detectable or trace levels of LBD20. 
